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PREFACE 
Improved methods for mixture phase density predictions 
were developed. First. scaling-law theory was introduced in 
the volume translation concept which results in simpler form 
and better representation for saturation densities of 
COz-hydrocarbon mixtures than that given by Peneloux's 
volume translation. Second. the scaled-variable-reduced-
coordinate (SVRC) method was extended to the prediction of 
mixture densities. 
Using the extended SVRC correlation, mixture density 
predictions may be performed based on pure-fluid properties. 
or more precisely based on some mixture data. Both 
treatments gave comparable results with the existing methods 
in the literature with the added advantage of covering the 
full saturation range and obeying scaling-law behavior in 
the near-critical region. Generalized SVRC correlations 
provide adequate liquid and vapor density predictions (2 and 
7% AAD. respectively). The quality of these predictions. 
however. is enhanced by the flexibility offered by one 
system-specific parameter. 
I wish to express my gratitude to all the people who 
assisted me during my stay at Oklahoma State University. In 
particular. I sincerely thank Dr. K. A. M. Gasem. my major 
advisor, for his guidance. knowledge and understanding, 
iii 
which were of tremendous help to me. I would like to thank 
my advisor for allowing me the chance to pursue this study 
and for his unforgettable warmth and generosity. 
I am also grateful to the other committee members. 
Dr. A. J. Johannes and Dr. Jan Wagner. for their advisement 
and valuable input. 
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Thermodynamic properties play a major role in both the 
theoretical understanding of fluid phase behavior and in the 
practice of chemical engineering. This is evident from the 
fact that most of the investment and the energy related 
operating costs in a typical chemical plant involve 
separation and purification equipment. which are designed 
largely on the basis of phase equilibrium properties. 
Because of their importance in process design. many 
thermodynamic and physical property models have been 
developed. The majority of existing models are analytic 
equations of state or correlations based on corresponding 
states theory. 
Cubic equations of state are highly efficient in 
correlating thermodynamic properties. In general, however. 
they are incapable of accurately predicting phase densities. 
especially near the critical point. While the volume 
translation concept, which was introduced by Martin [201 and 
further illustrated by Peneloux [25). does improve the 
density predictions far from the critical. it fails to do so 
near the critical point. In 1988 Chou and Prausnitz 
corrected this deficiency; however, their model is difficult 
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to apply for mixtures. 
The CST methods have been more successful in predicting 
phase densities. Several investigators have proposed the 
calculation of saturated liquid molar volume based on the 
corresponding states theory [16,30,31,40). In 1979 Hankinson 
and Thomson [16] presented their correlation for the 
prediction of saturated molar volume which gave better 
results compared to the Yen-Woods correlation [40] and the 
Rackett equation as modified by Spencer and Danner [31]. 
Recently, Gasem and co workers [30] have proposed the 
scaled-variable-reduced-coordinate (SVRC) model which 
utilizes the CST concepts. The SVRC model has been proven 
capable of accurately representing a number of saturation 
properties of pure fluids over the full saturation range 
from the triple. point to the critical point. 
The objective of this study was to develop a model 
capable of accurately predicting a number of liquid and 
vapor phase properties of mixtures over the entire 
saturation region. More specifically, work was directed at 
the prediction of saturated density of C02 + hydrocarbon 
binary mixtures over a pressure range up to the critical 
point of the mixtures. 
Two approaches have been pursued in this study to 
achieve the stated objective; the EOS approach and the SVRC 
approach. The EOS approach involved the following tasks: 
(1) evaluation of the functional behavior of van der Waals 
type cubic equations of state (Redlich-Kwong. Soave-
Redlich-Kwong. and Peng-Robinson equations). 
(2) development of an effective strategy for solving cubic 
equations of state, 
(3) evaluation of the existing volume translation methods 
for saturated density predictions, and 
(4) development of new model for volume translation. 
The SVRC approach involved: 
(1) evaluation of the existing mixing rules. 
(2) development of appropriate mixing rules for the SVRC 
method. and 
(3) development of a generalized SVRC model for the 
COz + hydrocarbon mixtures. 
Liquid and vapor phase density measurements acquired at 
Oklahoma State University [see. e.g .. 131 for COz + 
hydrocarbon binaries have been used in our evaluations. 
3 
CHAPTER II 
GENERALIZED CUBIC EQUATION OF STATE 
An equation of state is an analytical expression 
relating pressure, volume, temperature, and composition of 
a given system. The importance and necessity of accurate 
equations of state are reflected by the appearance of 
numerous such equations in the literature. The development 
of these equations started from the ideal gas law expression 
to modern-day equations of state. 
In industrial application, especially in hydrocarbon 
processing, the evolution paths for equations of state have 
been noted by Edmister [101 to be: 
Path 1. van der Waals ---->Redlich-Kwong----> Wilson----> 
Soave and Peng-Robinson. 
Path 2. Beattie-Bridgeman ----> Benedict-Webb-Rubin ----> 
Starling ----> Starling-Han. 
Path 3. Thiele ----> Carnahan-Starling ----> Beret-Prausnitz 
----> Donahue-Prausnitz. 
The development of the first two paths was essentially 
empirical and the development of the last one was 
theoretical. The equations of state listed in the first 
path are most widely used in hydrocarbon processing 
4 
because of their simplicity. These equations are given in 
cubic form and have only two adjustable parameters. 
Furthermore. these simple forms have an accuracy that 
compares quite favorably with the more complex equations of 
state. Therefore, in the present work, we will be concerned 
only with cubic equations of state. 
A generic expression for the currently popular cubic 
equations of state may be presented in this general form: 
5 
p = R T 
V-b 
a -------------
yZ + ubV + wb2 
(1) 
Definitions for a, b, u, and w are specific for the equation 
of state used. Features of some specific cubic equations of 
state are listed in Table I. 
TABLE I 
FEATURES OF SOME SPECIFIC CUBIC EQUATIONS OF STATE 
EOS u w a b 01 
VDW 0 0 (27/64)(RTc) 2 /Pc RTc/BPc 
RK 1 0 0.4274801(RTc) 2 /Pc 0.08664RTc/Pc Tr-o .s 
SRK 1 0 0.42748aCRTc) 2 /Pc 0.08664RTc/Pc (1+(0.48+1.574w 
-0.176w2 ) (1-Tr0 "5 )) 2 
PR 2 -1 0.457235a(RTc) 2 /Pc 0.077796RTc/Pc 11+(0.37646+1.54226 
-0.26992w2 )(1-Tr0 "5 ))a 
6 
Solution of Generalized Cubic 
Equation of State 
A first requirement for applying any equation of state 
to the calculation of thermodynamic properties is to solve 
the desired equation for the molar volume (V) or the 
compressibility factor (Z) at given temperature. pressure 
and composition. Equation (1) may be rearranged into the 
reduced cubic equation of state form 
F(Z) - z3 + D z2 + E Z - F = 0 
The coefficients for this equation are given as: 
D • uB - B - 1 
E • wB2 - uB2 - uB + A 
F • wB3 + wB 2 + BA 
Values of u and ware listed in Table I. and A and B are 
reduced equation of state parameters defined as: 
A .. aP/(RT> 2 
B - bP/RT 







temperature. Definitions for a and b for some equations of 
state are listed in Table I. 
Before discussing methods for finding z. it is 
important to examine the functional behavior of Equation (2). 
7 
Functional Behavior of ~with ~ 
Examination of the functional behavior of F(Z) with Z 
has been addressed by several investigators [4.10.15,171. 
Most have analyzed this behavior mathematically. Figure 1 
shows the typical functional behavior of P(V) with V which 
can be related to the functional behavior of F(Z) with Z 
(Figure 2). These figures appeared in the article written by 
Gosset [15]. Similarly, Jovanovic [17] presented the 
possible forms of F(Z) as shown in Figure 3. 
In this study, the possible forms of F(Z) are evaluated 
by plotting F(Z) with respect to Z for a given pressure and 
temperature. and by evaluating inflection points of F{Z) for 
specific values of the equation of state constants A and B. 
To generate F(Z) plots, the equation of state constants A 
and B are calculated utilizing Equations (6) and (7) and the 
parameter definitions given in Table I. The coefficients of 
Equation (2) are then calculated and F(Z) is determined for 
a given value of Z. Values of Z are selected between zero 
and three. since only positive values of Z are meaningful 
and, in most cases, the value of Z will not exceed three. 
Figures 4-6 show the plot of F(Z) with respect to Z for 
pure COz. Temperature is chosen in the supercritical region, 
at the critical point, in the subcritical region. and at the 
triple point or close to the triple point. A similar three 
dimensional plot is shown in Figure 7. 
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Figure 1. P(V) Functional Behavior 
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Figure 3. F(Z) Functional Behavior (Jovanovic) 
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The general behavior exhibited by F(Z) in Figures 4-7 
will be utilized in developing an EOS solution strategy. 
Toward this end, the observed behavior is summarized below 
for the three temperature regions considered. 
a. Possible F(Z) behavior for T > T 
F(Z) 
Low pressure 








High pressure (Pr > 10) 













Figure 9. Possible F(Z) Forms for T = T 
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As indicated by Figures 8-9, while a single root will 
be obtained in the critical and supercritical region. at 
lower pressures inflection .Points are observed in F(Z). The 
functional behavior of F(Z) in the saturation region 
(P = Ps. Figure 10) is clearly distinguished by the presence 
of two inflection points, which result in three Z roots. 
Satisfying the requirement that the value of dF/dZ > 0 
eliminates from consideration the false Z root; thus, 
producing two viable roots one for the liquid phase and one 
for the vapor phase. 
From a computational point of view, the functional 
behavior of F(Z) can be evaluated for a set of conditions, 
as given by fixed values of EOS constants A and B. First, 
the existence of inflection points of F(Z) is evaluated. For 
example, when the inflection points exist at Z~ and 22 of 
Figure 3, F(Z ) and F(Z ) are evaluated whether positive or 
~ 2 
negative. Positive F(Z~) and positive F(Z2 ) represent the 
graph shown in Figure 3b, positive F(Z~> and negative F(Z2 ) 
represent the graph shown in Figure 3c, and Figure 3a or 3e 
represents the case when F(Z) is free of inflection points. 
Mapping F(Z) for a mixture is difficult, due to the 
variation in composition. However, for fixed values of the 
EOS constants A and B. the functional behavior of F(Z) is 
the same for pure fluids and mixtures. Appendix c presents 
a brief discussion on EOS mixing rules. 
To devise a reasonable solution strategy for F(Z). the 
general trends observed suggest that one must (a) consider 
the possible variation in the functional behavior for F(Z) 
as well as F' (Z), (b) provide good initial guesses, and 
(c) use an efficient numerical routine. 
Solution Strategy 
1 9 
Equation (2) may be easily solved for Z by either 
analytical or iterative methods. Iterative methods such as 
the Newton-Raphson is the most commonly used in EOS 
applications because it is simple and converges rapidly. The 
formula for the Newton-Raphson method may be written as: 
Zi.H == Zi. - F (Z) /F I (Z) ( 8) 
Unfortunately, Newton~Raphson is a local convergence method 
which will not always converge. Figure 11 illustrates such a 
case where this method diverges. 
F(Z) 
z 
Figure 11. Newton-Raphson Method (diverging) 
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Other problems arise when solving the cubic EOS. For 
example. difficulties are encountered when the vapor 
compressibility factor is to be predicted from curves a or b 
of Figure 3. A similar situation appears for the liquid 
phase with Case d or e of Figure 3. If the correct root 
assignment cannot be achieved, equilibrium calculations can 
turn to the so-called "trivial solution", for which both 
vapor and liquid thermodynamic properties are set at the 
same value. 
A good initial estimate for Z generally ensures 
convergence, minimizes the computing time, and avoids the 
trivial solution problem. Many strategies have been proposed 
to improve Z initial estimates in order to avoid these 
problems. 
Asseleneau [3] suggested root assignment through this 
criteria: 
For the gas phase: Temperature must be larger than the 
critical temperature. 
For a liquid: Specific volume must be less than that 
at the critical point. 
If the conditions on hand do not satisfy this criterion, a 
new initial estimate should be given. This scheme is not 
convenient and costly for repetitive computations such as 
those encountered in distillation. 
Poling et al. [26] proposed evaluating isothermal 
compressibility (~) at the conditions of interest before 
21 
attempting to find the proper root for Z. An empirical 
criterion was proposed to assist in root assignment: 
For a liquid: -~ ~ < 0.005 atm 
For a vapor: 0.9/P < ~ < 3/P 
If this criterion is not satisfied. Poling and co-workers 
suggested that P. T, x. or y should be changed to generate 
the proper Z root, keeping the original values of P. T, x. 
andy for use in the phase equilibrium calculations. 
Specifically. they suggested to reduce pressure when vapor 
phase properties are desired and to increase composition of 
the heaviest component if liquid phase properties are 
desired. 
A typical algorithm for flash calculations applying 
Poling criterion is shown in Figure 12. However, tests 
conducted in this study show that the upper limit for~ 
(0.005) in the Poling criterion is not always adequate. For 
example. the limit of this criterion was not appropriate 
when applied to the COz + benzene mixture. Furthermore. this 
criterion cannot be applied in the region near the critical 
point. 
A method to avoid trivial solutions in bubble point 
pressure calculations was suggested by Jovanovic [17]. 
The method contains the following four steps: 
a. Adjustment of pressure value. When close values of zL and 
Zv (both greater then 1/3) arise. Z values should be 
\ Start }l---.....-1 Enter •. T. P. and Zi. 




EOS solution I 
Calculate (1 I 
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Liquid: increase x 
for heaviest 
component 
Vapor: reduce P 
Liquid: (1 < 0. 005 ~-.....;N...;..o..._ _ __. 
Vapor: 0.9/P < (1 < 3/P 
No 
Yes 





Figure 12. Flash Calculation Algorithm 
Using Poling Strategy 
separated by gradually reducing the pressure until the 
condition Zv/zL > 1.2 is met. 
b. Generation of artificial density values by the local 
23 
extremum Z values. The local minimum (maximum) Z value is 
adopted as the temporary vapor (liquid) compressibility 
factor. This Z value. however. should be modified 
slightly to prevent spurious derivative (dF/dZ) values. 
c. Pressure correction to produce artificial vapor density 
value. The corrected pressure can be explicitly found as: 
Pcor = RT I 3b (A-1) for SRK equation of state. 
d. Temporary conservation of liquid phase density value. 
L When Z leads to a "vapor like" { Z > 1/3 ) because of 
the pressure reduction. zL should be corrected: 
L = Zold Pcor /P 
Edmis~er (101 proposed the following initial estimates: 
F/D 
For vapor phase: Z = M + -----
M 
in which M E/D - D 
For liquid phase: Z = M' + B/E'M' 
in which M' = {E'/F'+ D/E') 
E' = E/B and F' = F/B2 
These Z initial values will help in avoiding convergence 
problems. but do not aid in avoiding trivial solutions. 
Gosset (15] proposed two approaches for root 
assignment. The first approach used Cardan criteria and the 
24 
second approach used criteria based on physical analogies 
similar to those employed by Asseleneau and Poling. In his 
article Gosset used the EOS constant criterion: 
For vapor phase: A/B < 5.87736 
For liquid phase: Z < 3.9513 B 
for PR equation of state 
for PR equation of state 
The algorithm proposed by Gosset involved checking for 
the value ofF' (Z). The starting point of the iterative 
procedure is taken as Z = B when searching for liquid type 
root and Z = 1 or Z = B. whichever is least. when seeking a 
vapor type root (B becomes larger than one at high 
pressure). When the starting point is selected, a change in 
the sign of F' (Z) may be observed only when a single root is 
obtained as shown in Figure 11. When F' (Z) becomes negative 
the value of Z is changed so that F' (Z) is always positive; 
this guarantees proper solution. The Gosset algorithm can 
be summarized as shown in Figure 13. 
Proposed Algorithm. The algorithm proposed in this 
study for the solution of the generalized cubic equation of 
state involves recognition of the F(Z) and F' (Z) forms. 
proper initiation and the means to avoid trivial solution. 
The strategy may be described as follows: 
a. In case only one root exists. 
If type (a) or (e) of Figure 3 is obtained, the 
Newton-Raphson method always converges to a single root. 
whatever the initial value is. If type (b) or (d) of 
( Prev. comp. 
Liquid: Z - B 
Vapor: Z • max <B.l) 
Calc. F(Z) 
F I (Z) 
Z • max Yes 
<B.0.3Z) 
Yes 
DZ - F ( z) /F I ( z) 
Z • max (Z-DZ.B) 
Yes 
Next computation 
Figure 13. Gosset Algorithm for Solution 
of Cubic EOS 
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No 
Figure 3 is obtained, initial value of 2 must be chosen 
somewhere in between B and the inflection point 21 
(Figure 14a) for type (b) and somewhere in between one and 
inflection point 22 (Figure 14b) for type a. Therefore, the 
inflection points should be calculated first. 
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The detailed algorithm for the solution of Equation (2) 
is as follows: 
Evaluate A: A 4 D 2 - 12 E = 
If A ~ o. THEN 
If liquid root is evaluated: 2i = 1. 01 
If vapor root is evaluated: 2i = 1.0 
Else, evaluate 21, 22, F21 and F22: 
21 = (-2 D - Ao.5)/6 
22 = (-2 D + Ao.5)/6 
F21 = 21 8 + D 212 + E 21 - F 
F22 = 229 + D 222 + E 22 - F 
If liquid root is evaluated and FZ1 >O: 2i 
If liquid root is evaluated and F21 <O: 2i 
If vapor root is evaluated and F22 <O: 2i 








An alternative method for obtaining the desired roots 
(which was not implemented in this study) is to take the 
optimum values of Z obtained from the derivative of F(2) as 
a temporary compressibility factor. Accordingly, 22 can be 
used as a temporary vapor compressibility factor and Z1 can 



















the real values cannot be achieved. In this case. the 
procedure becomes: 
If ~ ~ 0 then 
For liquid phase: If F(Zl) 2:: 0: z;,. = (Zl + B)/2 
If F(Zl) < 0: Zca.Lc '"' Zl 
For vapor phase: If F(Z2) > 0: Zca.tc = Z2 
If FCZ2) ~ 0: Zi. = (1 + 22)/2 
b. In case three roots exist 
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When type (c) of Figure 3 is obtained. the initial 
estimate described above is still valid (Figure 14c) but at 
high pressure. this strategy may result in a root that is 
less than B [33]. Therefore. the initial estimate must be 
increased until positive value of F' (Z) is obtained. 
c. Avoiding trivial roots 
Poling strategy can be applied to avoid trivial 
solutions but care must be taken concerning the limits of 
the ~ criterion. Tests conducted on the C02 + benzene 
mixture show that a better~ criterion for the liquid phase 
is~ < 0.03 instead of~ < 0.005. Furthermore, this 
criterion. as expected. is not suitable in the region near 
the critical point. In this case. a stair-casins procedure 
should be used. 
To facilitate application of Poling's procedure with 
various cubic equations of state. an expression for ~(Z) for 
the generalized cubic EOS was derived: 
29 
~ = - cav;aP> 1 v 
T 
(9) 
1 = --- [1 
p 
{(uB-B>Z2 + (2wB2-2uB2-uB+A) Z- (3wB3 +2wB2+2AB)} 
+ -------------------------------------------------
{ Z (3Z 2+ 2(uB-B-1) Z + (wB2- uB 2- uB + A) } 
The proposed algorithm for the solution of the 
generalized equation of state (GEOS) is presented in 
Figure 15 (Poling procedure is not included). Several 
systems have been used to test the validity of this solution 
strategy. In addition, this algorithm has been successfully 







Liquid: Zi.•l. OlB Liquid: F<Zl) 2:: 0 Zi.•(Zl+B)/2 
Vapor: Zi.•l. 0 F(Zl) < 0 Zi.• ( Z2+1) /2 
Vapor: F(Z2) ~ 0 Zi.• <Z2+1) /2 
F(Z2) > 0 Zi.• (Zl+B) /2 
Yes 
* 
* Zi. = Zi. - FCZi.)/F' (Zi.) 
No 
Next computation 
Figure 15. The Algorithm for GEOS Solution 
CHAPTER III 
QUALITY OF EOS VOLUMETRIC PREDICTIONS 
FOR Cfr.z + HYDROCARBON SYSTEMS 
Original SRK and PR Equations of State 
Mixture density predictions have been performed using 
the strategy discussed in the previous chapter. To assess 
the quality of the EOS predictions. experimental phase 
density measurements acquired at the OSU [see, e.g .. 13] for 
C02 + hydrocarbon binaries were employed in our evaluation. 
The hydrocarbons include n-butane, n-decane, n-tetradecane, 
cyclohexane, trans-decalin and benzene. The predictions 
cover the reduced pressure range from approximate-ly 0. 6 to 
near the critical. 
To calculate the phase densities of mixtures, the 
equation of state constants a and b are calculated using 
the following mixing rules [14]: 
EE 1/2 (1 c .. ) a = Z-Z- (a .. a .. ) -
i j l J 11 JJ 1] 
(10) 
and 
b .. + b .. 
b EE 11 JJ )(1 + D .. ) = z_z. (---------
i j l J 2 1] 
(11) 
where z is mole fraction; a .. , a -J-. b 1. 1- and b .. are pure ll J JJ 
component parameters; and Cij and Dij are binary interaction 
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parameters; Cii = Cjj • 0 and Dii • Djj • 0. See Appendix C 
for more details. 
Several cases were employed to evaluate the density 
predictions using the EOS approach, as described in 
Table II. The results given in Table III for Case 1 indicate 
that while the original PR EOS gives better liquid density 
predictions in comparison to the SRK and RK EOS (6.4% AAD>. 
the SRK EOS gives better vapor density predictions 
(10.7% AAD). As expected, Figure 16 shows that for most 
hydrocarbons the cubic EOS density predictions tend to be 
worse as the pressure moves towards the critical point. 
Significant improvement has been realized when the 
binary interaction parameters are fitted with the 
experimental data. Table IV presents the results for Case 2, 
where the binary interaction parameters C .. is fitted and 
lJ 
Dij is set to zero (3.4 and 3.2 % AAD for the liquid and 
the vapor densities using PR EOS). Table V shows the results 
when both the binary interaction parameters are fitted 
(Case 3). Predictions within 1.4 and 2.2% AAD are obtained 
from the PR EOS for the liquid and vapor densities, 
respectively. In general, the RK EOS and the SRK EOS give 
less accurate predictions than those of the PR EOS in both 
Cases 2 and 3. Optimum interaction parameters for the 
systems considered are given in Table B.l (Appendix B). 
Translated-Volume Predictions 
When applied to both vapor and liquid phases, equations 
Case 
TABLE II 
DESCRIPTION OF CASES USED TO EVALUATE 
THE CUBIC EOS METHOD 
Description 
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------------ EOS Without Volume translation ------------
1 RK, SRK and PR EOS 
c .. = D .. = 0 lJ lJ 
2 RK, SRK and PR EOS 
c .. regressed D .. = 0 lJ , lJ 
3 RK. SRK and PR EOS 
c .. and D .. are regressed. 
lJ lJ 
------------- EOS With Volume translation -------------
4 Original Peneloux ( Equations 15 & 16 ) 
a) RK & SRK EOS: at = 0.44943 az = 0.29441 
PR EOS: at = 0.30483 a2 = 0.29441 
b) PR EOS: at 0.30483 az = 0.24240 
5 Peneloux ( Equations 15 & 16 ) 
a) PR EOS: at and az regressed simultaneously 
for liquid and vapor density. 
b) PR EOS: at and az regressed separately 
for liquid and vapor densit~ 
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TABLE II (Continued) 
Case Description 
6 Peneloux ( Equations 15 & 16 ) 
PR EOS: a~ and a2 are generalized. 
7 Proposed model ( Equation 36 ) 
a) PR EOS: ~ and Az are regressed simultaneously 
for liquid and vapor densit~ 
b) PR EOS: ~ and Az are regressed separately 
for 1 iquid and vapor density. 
8 Proposed model ( Equation 36 ) 
a) PR EOS: A~ is regressed simultaneously for 
liquid and vapor density. A2 is set 
constant. 
b) PR EOS: ~ is regressed separately for 
liquid and vapor density, A2 is set 
constant. 
9 Proposed model ( Equation 36 ) 
PR EOS, At and Az are generalized. 
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T~BLE III 
S~TUR~TED DENSITY PREDICTION USING CUBIC EOS 
WITHOUT VOLUME TR~NSL~TION 
Case i : Cij & Dij = 0 
Mixture No EOS % ~~D 
C02 + Pts 
Liquid Vapor 
n-Butane 42 RK 6.62 21.05 
SRK 5.23 17.21 
PR 8.27 22.03 
n-Decane 40 RK 17.66 3.52 
SRK 12.46 2.56 
PR 3.00 3.03 
n-Tetra- 17 RK 24.57 10.43 
de cane SRK 17.97 8.14 
PR 8.80 4.45 
Benzene 16 RK 5.16 25.81 
SRK 3.90 16.26 
PR 10.20 24.00 
c-Hexane 14 RK 4.01 25.19 
SRK 2.87 16.84 
PR 10.30 24.26 
t-Decalin 20 RK 12.47 9.83 
SRK 10.09 6.82 
PR 1. 08 8.44 
Overall RK 12.01 14.52 
Statistics: SRK 8.91 10.71 














o * o• 0* 11& -- -
+ + + + + +++ *' 0 
-20.00 
-30.00 
0.20 0.40 0.60 0.80 1.00 
REDUCED PRESSURE 
ccccc n-butane ~319.3 ~ 
AAAAIJ. n-butane 377.6 K 
ooooo n-decane 344.3 
66666 n-decane 377.6 K 
+++++ n-tetradecane (344.3 K) 
x x x x x benzene (344.3 K) 
ooooo cyclohexane (344.~ K) 
• * * * • trans-decalin (344.3 K) 
Figure 1 6 a. Saturated Li~uid Density Predictions 
. Using Original PR EOS Without 
Interaction Parameters w 0'1 
80.00 
60.00 l 0 ct:tt, 
z 40.00 c 
0 
< 
~ 20.00 ... * * ... ~ 
o Cf +0-+:Ax~ 
qc m tJ c + * • o.oo c A li o • ott ~ .,. ;o 
-20.00 
-40.00 
o.2o o.4o o.eo o.ao 1.00 
REDUCED PRESSURE 
ccccc n-butone ~319.3 ~ 
AAAAA n-butone 377.6 K 
ooooo n-decane 344.3 
~~>~~>•~~>• n-decane 377.6 K 
+++++ n-tetrodecone (344.3 K) 
x x x x x benzene (344.3 K) 
ooooo cyclohexone (344.:5 K) 
• * • * • trons-decalin (344.3 K) 
Figure 1 6b. Saturated Vapor Dens it}' Predictions 
Using Original PR EOS Without 




SATURATED DENSITY PREDICTION USING CUBIC 
EOS WITHOUT VOLUME TRANSLATION 
Case 2: Cij REGRESSED. Dij = 0 
Mixture No EOS % AAD 
COz + Pts 
Liquid Vapor 
n-Butane 42 RK 11.50 3.96 
SRK 8.62 2.66 
PR 2.63 2.38 
n-Decane 40 RK 13.66 7.57 
SRK 8.65 3.49 
PR 3.44 2.46 
n-Tetra- 17 RK 17.76 8.51 
decane SRK 13.13 4.79 
PR 7.13 3.71 
Benzene 16 RK 11.49 7.05 
SRK 7.56 4.40 
PR 2.75 3.90 
c-Hexane 14 RK 11.29 6.67 
SRK 7.37 4.09 
PR 3.05 3.63 
t-Decalin 20 RK 12.46 9.44 
SRK 9.24 6.30 
PR 2.49 4.79 
Overall RK 12.90 6.77 
Statistics: SRK 8.99 3.94 




SATURATED DENSITY PREDICTION USING CUBIC 
EOS WITHOUT VOLUME TRANSLATION 
Case 3: Cij & Dij REGRESSED 
Mixture No EOS % AAD 
C02 + Pts 
Liquid Vapor 
n-Butane 42 RK 3.13 3.10 
SRK 2.33 2.43 
PR 1.86 1.31 
n-Decane 40 RK 1.47 1. 76 
SRK 1.39 1.40 
PR 0.38 1.02 
n-Tetra- 17 RK 0.72 5.36 
de cane SRK 1.18 2.98 
PR 0.59 3.40 
Benzene 16 RK 2.23 2.19 
SRK 0.93 1.60 
PR 2.38 3.04 
c-Hexane 14 RK 2.51 2.03 
SRK 1.26 1.00 
PR 2.97 2.95 
t-Decalin 20 RK 1. 50 6.19 
SRK 1.16 3.95 
PR 1.07 4.50 
Overall RK 2.04 3.21 
Statistics: SRK 1.54 2.20 
PR 1. 37 2.24 
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of state can be used to calculate all the equilibrium 
thermodynamic properties of pure fluids and mixtures. 
However. as illustrated by the results above. cubic 
equations of state show moderate success in calculating 
phase densities. especially without EOS tuning. 
Modifications involving the translation concept have been 
proposed to improve EOS density prediction [7.20.251. The 
proposed models lead to corrections in the predicted 
densities without affecting the equilibrium property 
prediction (fugacity). 
Translation along the volume axis 
Translation along the volume axis was first introduced 
by Martin [20] who proposed the following general cubic 
equation of state: 
p ... RT ----~1Il______ + -------~1!1 ___ _ ( 1 2) 
v (V+(3) (V+y) V (V+(n (V+y) 
Other equations of state might be related to this equation. 
For example. Redlich-Kwong equation of state 
p = RT a ---- - ------- (13) 
V-b V(V+b) 
can be obtained by translating the volume in Equation (12) 
by t. and then letting t = (3 = b. r = 2t = ~. a = a, 
and 6 = 0. One can also set 6 = 0. translate by (3+t 
in volume. and let (3 = b. r = (3. and a = a to get: 
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p = RT a ------ - ------ (14) 
(V-tb) (V-t) 2 
which is the equation recommended by Martin. 
The EOS constants, a , ~. and r can be evaluated by the 
classical method of van der Waals, where the first two 
pressure-volume derivatives vanish at the critical point. 
Following the work of Martin, simple volume translation 
has been implemented by Peneloux [25], where 
v v model = E c. (15) x. 
l l 
RTc. 
( l ) ( ZRA. (16) c. = a1 ----- a2 -l 
Pci 
1 
b b model -E (17) = c. x. 1 l 
a 1 and a 2 are regressed model parameter, and b is the cubic 
equation of state constant. Matching experimental saturated 
liquid densities at T = 0.7 for n-alkanes up to n-decane, 
r 
Peneloux determined the values of a and a for SRK equation 
~ 2 
of state as 0.40768 and 0.29441, respectively. Refitting a 
~ 
and a specifically for C02 + n-paraffin liquid densities, 
2 
Gasem [121 obtained a = 0.44943 for the SRK and 
~ 
a = 0.30483 for the PR equation of state. 
~ 
Rackett compressibility factor, ZRA, from Spencer and 
Danner [31] is used in Equation (16). However values of ZRA 
from other sources such as Hankinson and Thomson [16] can 
also be used. 
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Even though the volume translation models suggested 
above clearly produces improved density predictions. these 
models cannot remove the large discrepancy between measured 
and calculated saturated liquid densities near the critical 
point. 
In 1988 Chou and Prausnitz corrected this deficiency. 
A "distance" variable was introduced in the volume 
translation in order to locate the correct critical point. 
Once volume translation locates the true critical point, a 
"nonclassical" contribution is added to the residual 
Helmholtz energy to account for density fluctuations near 
the critical point. 
Volume translation introduced by Prausnitz is 
expressed as: 
model 
v = v - c - 6 c (18) 
where c is the constant of translation used by Peneloux and 
n is a universal constant that has a value of 0.35. Volume 
shift at the critical temperature. 6c, is given by: 
6 
c = -----p 
c 
(19) 
The true residual Helmholtz energy was assumed equal to the 




where ac was obtained by integrating the volume-translated 
SRK equation. aNC was evaluated using the following 
expression: 
----- - (21) 
where a:c is a constant representing the maximum 
nonclassical contribution at the true critical point and w 
is a constant reflecting how fast the function decays as a 
system moves away from the true critical point. These values 
-4 are 7 x 10 and 90. respectively. D is a dimensionless 
distance variable defined as: 





Equation (18) might be extended to mixtures as: 
model 
v = v - E x.c. 
1 1 
- 6 em 
( ___ !!. __ 
n + dm 
where dm is defined: 












Vern is the mixture critical volume predicted from SRK 
equation and V is the true critical volume evaluated using em 
a correlation proposed by Chueh and Prausnitz in 1967 [10]: 
v = E e.v . + E E e 1.eJ. em 1 c1 v .. lJ (26) 
where v .. is a binary parameter characteristic of the i-j 
lJ 





To account for density fluctuations near the critical 
point, the same nonclassical Helmholtz energy as that for 
pure fluids was proposed by Chou et al. [7]. In this case, 
however, Tc is replaced by mixture critical temperature Tern 
and D is replaced by Dm defined by: 
Pcm apSRK-VT 
2 
1 a v1 
Dm = -------- [ ( --------- )T - --2- ----- (28) 
RTcm P iJ p p a 11 
The results reported on a number of pure liquids and 
mixtures, using the corrected SRK equation indicate that for 
pure liquids volume translation not only locates the correct 
critical point, but also significantly improves liquid 
density predictions over a wide temperature range [7]. 
Volume translation has a much smaller effect on vapor 
density. On the mixture density predictions, the 
nonclassical correction does not have an appreciable effect, 
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since the binary parameters Cij and Dij have more profound 
influence. 
Peneloux's volume translation strategy has been 
evaluated in this study. In doing so, the interaction 
parameters C .. and D .. are set to zero, a. = 0.44943 and 
lJ lJ £ 
a2 = 0.29441 for the RK and the SRK EOS and a~ c 0.30483 
and a2 • 0.29441 for PR EOS. 
When the original Peneloux's parameters are used 
(Case 4), the SRK EOS gave about 4.7% AAD for liquid 
predictions and 11.5% AAD for vapor density predictions. 
The PR EOS gave about 12 % AAD for liquid density 
predictions and 16 % AAD for the vapor predictions. These PR 
EOS predictions are worse than those of the original PR EOS 
without interaction parameters, implying that the parameters 
a~ or a2 are not optimum. Several evaluations have been 
conducted showing that refitting a~ does not improve the 
predictions. However, refitting a2 for PR EOS gave better 
results (5 % AAD for liquid predictions and 11 % AAD for 
vapor predictions). 
The results are improved when parameters a and a are 
~ 2 
fitted (Case 5), as shown in Table VII for the PR EOS 
predictions. In Case 5a, where a~ and a2 are regressed 
simultaneously for liquid and vapor, the results did not 
show significant improvement compared to Case 4. However 
when liquid and vapor density predictions are optimized 
separately. measurable improvements have been achieved. In 
this case (Case 5b), the liquid predictions gave 
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TABLE VI 
SATURATED DENSITY PREDICTIONS USING CUBIC EOS 
WITH PENELOUX'S VOLUME TRANSLATION 
(Case 4) 
* ** Mixture No EOS Case A Case B 
C02 + Pts % AAD % AAD 
Liquid Vapor Liquid Vapor 
n-Butane 42 RK 4.98 23.82 
SRK 4.38 19.58 
PR 12.76 23.82 4.57 19.06 
n-Decane 40 RK 7.16 5.70 
SRK 0.93 1.19 
PR 6.71 5.74 6.33 0.92 
n-Tetra- 17 RK 8.81 7.34 
de cane SRK 1.49 4.05 
PR 6.27 4.83 8.61 5.90 
Benzene 16 RK 4.73 29.97 
SRK 5.12 19.82 
PR 15.62 26.75 4. 24 19.75 
c-Hexane 14 RK 3.87 29.23 
SRK 5.36 20.34 
PR 15.85 26.95 3.38 20.03 
t-Decalin 20 RK 11.09 11.45 
SRK 14.97 8.67 
PR 20.63 15.59 2.99 5.59 
Overall RK 6.69 16.58 
Statistics: SRK 4.72 11.50 
PR 12.05 16.30 5.14 11.05 
* For RK/SRK: ~ = 0.44943 az 0.29441 
PR: a.s. 0.30483 az = 0.29441 
** PR: a.s. 0.30483 az = 0.24240 
TABLE VII 
SATURATED DENSITY PREDICTIONS USING PR EOS 











































* M & a2 regressed simultaneously for liquid and vapor 
** a~ & a2 regressed separately for liquid and vapor 
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approximately 1.7% AAD and the vapor predictions gave 
2.5 % AAD. 
Inspection of the optimum values of a and a obtained 
~ 2 
reveals wide variation among the different solvents. which 
indicates a possible difficulty in parameter generalization. 
This assessment is validated by the results of the simple 
parameter generalizations undertaken. Table VIII summarizes 
the results for Case 6, where common values of a~ and a 2 are 
used for all the systems considered. as suggested by 
Peneloux. The quality of the generalized predictions (4.6 
and 7.6% AAD for the liquid and vapor densities, 
respectively) signify the need for a better procedure for 
parameter generalization. 
Figure 17 depicts the relative deviations obtained 
for the PR EOS with and without volume translation. While 
volume translation affects improvements in the density 
prediction, similar patterns are observed for the relative 
deviations. 
Scaled-volume translation 
Another model that has proven capable of predicting a 
full saturation density range using volume translation is 
one developed utilizing the scaling-law behavior [141. This 
model introduced a density correction factor by employing 
the following deviation function: 
e PV 
= (~~)model (29) 
TABLE VIII 
SATURATED DENSITY PREDICTION USING PR EOS 
WITH PENELOUX'S VOLUME TRANSLATION 
Case 6: a• & az GENERALIZED 
Mixture No % AAD 
C02 + Pts 
Liquid Vapor 
n-Butane 42 4.58 6.85 
n-Decane 40 3.41 10.11 
n-Tetra- 17 6.14 11.43 
de cane 
Benzene 16 4.33 4.31 
c-Hexane 14 3.51 3.72 
t-Decalin 20 6.47 6.49 
Overall 4.57 7.63 
Statistics: 
* a. = 0. 38103 & az = 0. 25006 for 1 iquid 
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~pplied specifically to the EOS model. the correction factor 
is: 
or 
PV 8 EOS • ------
(PV)EOS 
e = PEOS /p 
for a constant pressure volume translation. 
(30) 
(31) 
A simple definition of 8 which will provide for 
reasonable approximation of the scaling-law behavior may be 
inferred from the following arguments. 
The phase densities of a given mixture may be 




+ E A. (&) J 
j-1 J 
± 1/2 ~B. (c)(3+iA 
. 0 l l"" 
where ~ is saturation property a, (3 and A are universal 
constants which have the value 1/8, 1/3, and 1/2, 
respectively (6]. The liquid and vapor phases are 
represented by + and - sign, respectively. Aj and Bi are 
parameters dependent on the system. In general, one may 
(32) 
extend the series as needed to fit the experimental data. 
Charoensombut-~on used M = 3 and N a 6. Dulcamara {9] used 
M = 6 and N = 6, and Gasem [131 pointed that it is 
sufficient to truncate the series at M = 3 and N - 5 for 
liquid density predictions. 
Application of Equation (32) to phase density 
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prediction leads to the following limiting expression: 
~ (p/pc)exp = 1 ± A c + ..... as c ----> 0 (33) 
for the experimental data. For a cubic EOS, equivalent 
representation is given by: 
~ 
(p/pc)EOS = 1 ± A c + ..... as c ---> 0 (34) 
where ~ is approximately 1/3 and~ is 0.5. 
Utilizing Equation (33) in deriving an expression fore 
is inconvenient. since it contains too many parameters. 
Accordingly, a correlation function offered by the Scaled-
Variable-Reduced-Coordinate (SVRC) approach is used for this 
purpose. The SVRC approach [30] which will be discussed 
further in the next chapter suggests the following simple 
relation for e 
e a £ ~ A (35) 
Comparison between Equation (31), (33), (34) and (35) 
suggests the following translation strategy: 
~-A 
(p/pc)exp = (p/pc)EOS A c 
or ~£-~~p 
~-~ 
p = PEOS ( A c PC EOS 
Ac 
~-~ 
p = PEOS A (36) 1 2 or 
As and A2 can be evaluated by matching experimental 
saturated phase densities and & is defined as: 
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£ = Pc - P (37) 
Pc - Pt 
in which Pt is the lowest pressure of the experimental data. 
Application of this model to the co2 + hydrocarbon 
systems under study gave minor improvement when A and A 
l 2 
are regressed simultaneously for liquid and vapor densities, 
as given by Case 7 of Table IX. However, excellent results 
are achieved when A and A for liquid and vapor density 
s 2 
predictions are regressed separately. As shown in Table IX, 
for the PR EOS liquid density predictions result in about 
0.7% AAD and the vapor predictions give about 2.7% AAD. 
The optimum parameters A and A for Cases 7-8 (given 
1 2 
in Tables B.4 and B.5) are of similar value for the systems 
considered-. This promises to provide for simple 
generalizations; a fact disputed by the results presented in 
Tables X and XI for the generalized-parameter predictions. 
Sensitivity of the translation model to the values of 
A1 and A2 combined with the simple generalization strategy 
used result in marked loss of accuracy (6.2 and 10.2% AAD 
for liquid and vapor, respectively) for Case 9 in comparison 
to Cases 7 and 8. 
Figures 18a and 18b show the relative error 
distributions for liquid and vapor predictions using the 
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~ & Az regressed simultaneously for liquid and vapor 
** ~ & Az regressed separately for liquid and vapor 
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TABLE X 
SATURATED DENSITY PREDICTIONS USING PR EOS 
WITH SCALED-VOLUME TRANSLATION 
(Case 8) 
* ** Mixture No T. K Case A Case B 
C02 + Pts % AAD % AAD 
Liquid Vapor Liquid Vapor 
n-Butane 18 319.26 8.86 16.76 3.87 17.15 
12 344.26 6.28 9.94 3.37 9.06 
12 377.59 5.71 7.38 2.89 6.10 
n-Decane 17 344.26 3.42 3.70 0.50 1.22 
23 377.59 2.70 2.51 1.41 0.48 
n-Tetra- 17 344.26 5.21 4.40 1. 77 4.95 
de cane 
Benzene 16 344.26 6.74 6.38 3.05 4.08 
c-Hexane 14 344.26 6.49 7.44 2.11 5.15 
t-Decalin 20 344.26 4.04 4.09 0.82 5.36 
Overall 5.31 6.66 2.08 5.71 
Statistics: 
* ~ regressed simultaneously for liquid and vapor 
A2 = 1.0 
** ~ regressed separately for liquid and vapor 
A2 = 1.0 
TABLE XI 
SATURATED DENSITY PREDICTION USING PR EOS 
WITH SCALED-VOLUME TRANSLATION 

















































* 1u. = 1. 00588 & Az = 0. 980197 for 1 iquid 
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documented better error distributions for the scaled-volume 
translation in comparison with those for original PR EOS and 




The Scaled-Variable-Reduced-Coordinate (SVRC) method 
has been developed for the prediction of pure-fluid 
properties in the saturation region. In this condition. only 
one fluid property is required to fix the state of the 
system. According to this approach saturated properties may 
be related to the independent correlating variable as: 
(38) 
where Y is a saturated fluid property and e is a correlation 
function of £ which is related to the independent variable 
by the following expression: 
£ = ---------
X - X c t 
Mixture Liquid Density Model 
(39) 
The SVRC liquid density model developed by Shaver (301 
for pure fluids is extended to mixtures. Using this model. 
the extension task involves determination of the functions e 
and a of Equation (38) for a mixture. The original 
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definitions for e and a were employed in this study. where 
B 
e == 1 - A & (40) 
1 - A 
and a given by the relation 
cc - Ol c 
--------- == cc - Ot c t 1 - A 






cc. = c 
p - p 
c 
the lowest pressure in 
correlation constant 
theoretical scaling-law 
the limiting value of Ol 
the isotherm 
exponent value 







the 1 imi ting value of Ol at the lowest pressure 
When dealing with mixtures. one may evaluate ac and at 
or ~a ( = ac- at) by fixing the model parameters with 
existing mixture data. or by using values of a and ~cc 
c: 
obtained from pure-fluid data applied to mixtures by 
employing appropriate mixing rules. 
The values of any mixture property obtained from a 
model are sensitive to the mixing rules applied. Therefore. 
an evaluation of the existing mixing rules and the relevant 
theories become a necessity before they may be applied for 
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the SVRC approach. Appendix C contains a brief discussion on 
this topic. 
The generalized equations for a and ~a used for pure 
c 
fluids have been presented by Shaver [30] as: 
(C3 + c4zc.> 






cs + c6 T 




where Trt is triple point temperature and subscript i 
represents component i. Values for the constants A and B in 
Equation (40) and c1 through c8 in Equation (43) and (44) 
are listed in Table XII. 
For a given mixture. once e. a, and e are determined, 
liquid density can be calculated according to Equation (38): 
p a 
where pi is the lowest density in the isotherm and pc is 
the critical value. 
Mixture Vapor Density Model 
Following Shaver [301, forms of e and a similar to 
those used for liquid density were chosen for the 
correlation of vapor density. 
(45) 
TABLE XII 
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and 
<Zc_-0.29) 
+ [C 1 
3 (49) 
Values for the constants A1 . A2 . B1 . B2 . C. and c1 through 
c7 are listed in Table XIII. The definition for & and the 
calculation procedure for vapor density are the same as 
those for the liquid density model. 
A variety of cases were evaluated in the course of this 
work. as documented in Table XIV. The results for every case 
are presented in Tables XV through Table XIX. 
In Case 10. all the model parameters were regressed in 
order to investigate the model precision in representing 
TABLE XIII 



















DESCRIPTION OF CASES USED TO EVALUATE 
THE SVRC METHOD 
Description 
A, ac, ~a. p. and p are regressed for liquid 
1 c 
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lu., 'P3., ac, ~a. pi and pc are regressed for vapor. 
In Case A: 
Pi and pi in Equations (44) and (45) are defined 
as the saturated pressure and saturated density 
of HC at the corresponding temperature. 
In Case B: 
Pi and pi in Equations (44) and (45) are defined 
as the lowest pressure and the lowest density of 
the available experimental data. 
11 A and ac are generalized; 
P and p are defined as in Case 10. i i 
12 ac and ~a are evaluated according to the follow-
ing mixing rules: 
a 
c 
and lr.a = (I: z. ~a. ) 
1. 1. 
Pi and pi are defined as in Case 10. and 
m is regressed separately for liquid and vapor. 
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TABLE XIV (Continued) 
Case Description 
13 Mixing rules applied are the same as in Case 12, 
P. 
l 
and pi are defined as in Case 10, and 
m is generalized. 
14 Mixing rules applied are the same as in Case 12, 
pi and pi are defined as in Case 10, and 
A and m are generalized. 
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existing experimental data. In this case P. and pc were also 
l 
treated as regressed parameters. Excellent fit was achieved, 
where 0.42 % AAD and 0.81 % AAD were obtained for saturated 
liquid and vapor density predictions, respectively 
(including pure fluid densities, Case A). However, possible 
errors in the pure fluid density data may be inferred from 
Table XV, where the predictions without pure fluid densities 
(Case B) gave markedly better results (0.18 and 0.38% AAD 
for liquid and vapor, respectively). 
Generalization of the SVRC model using two parameters 
(A and a ) in Case 11 gives good representation for liquid 
c 
density predictions (1.99 and 1.39% AAD for Case A and Case 
B, respectively). By comparison, vapor density predictions 
gave mediocre results. 
An alternative method to extending the SVRC model to 
mixtures was pursued through a set of mixing rules. 
Cases 12-14 present the mixing rules employed in this study. 
These rules are an extension of the conformal solution 
mixing rules described in Appendix C. By contrast, this 
method of calculating phase densities, where pure component 
a and ~a are used, is less precise than that presented by c 
Cases 10-11. As indicated by Tables XVII-XIX, the quality of 
the density predictions (about 3 % AAD for both liquid and 
vapor densities for Case 12) suggest the need for more 
refinement in estimating the mixture model parameters. 
Effect of the independent variable (pressure) on the 
model is shown in Figure 19 for the COl + benzene system. 
TABLE XV 
SATURATED DENSITY PREDICTIONS USING SVRC 







































Case A: including pure fluid densities 
























a. A, ac, Aa, pi and pc are regressed for liquid 















SATURATED DENSITY PREDICTIONS USING SVRC 
Case 11: A & 01 GENERALIZED 
c 
Mixture No T, K Case A Case B 
C02 + Pts % AAD % AAD 
Liquid Vapor Liquid Vapor 
n-Butane 22 319.26 3.52 6.89 3.68 1.56 
16 344.26 1.18 4.23 0.83 1.55 
16 377.59 3.23 2.16 1.24 1.12 
n-Decane 22 344.26 2.66 1.94 1.32 1. 23 
25 377.59 1.05 7.67 1.31 0.94 
n-Tetra- 21 344.26 2.94 12.42 0.32 5.00 
de cane 
Benzene 17 344.26 0.97 7.28 0.08 7.75 
c-Hexane 15 344.26 1.08 6.19 0.64 5.77 
t-Decalin 33 344.26 1.31 9.61 1. 67 7.64 
Overall 1.99 6.84 1.39 3.76 
Statistics: 
Parameters A: 0.0100 5.1182 0.0108 9.8753 
01 : -8.6313 0.6973 -6.7871 0.0011 c 
Case A: including pure fluid densities 


















SATURATED DENSITY PREDICTIONS 
USING SVRC WITH MIXING RULES 



































Case A: including pure fluid densities 









































SATURATED DENSITY PREDICTIONS 
USING SVRC WITH MIXING RULES 


























































3.56 12.86 1.97 5.78 
Parameter m: 0.1833 0.4138 0.2007 0.4516 
Case A: including pure fluid densities 
Case B: excluding pure fluid densities 
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TABLE XIX 
SATURATED DENSITY PREDICTIONS 
USING SVRC WITH MIXING RULES 
Case 14: A & m GENERALIZED 
Mixture No T. K Case A Case B 
C02 + Pts % AAD % AAD 
Liquid Vapor Liquid Vapor 
n-Butane 22 319.26 4.08 8.40 3.88 2.86 
16 344.26 1.87 4.90 1.28 1.03 
16 377.59 3.38 3.86 1.46 1.57 
n-Decane 21 344.26 3.99 3.69 2.46 1. 91 
25 377.59 1. 75 7.87 0.40 0.75 
n-Tetra- 21 344.26 3.33 11.43 1.10 6.49 
de cane 
Benzene 17 344.26 2.59 7.38 2.48 6.53 
c-Hexane 15 344.26 1.80 5.78 1.02 4.75 
t-Decalin 33" 344.26 0.33 9.48 0.47 8.42 
Overall 2.47 7.30 1. 56 4.08 
Statistics: 
Parameters A: 0.0469 100.00 0.1476 5.6332 
m: -0.0451 1.5272 -0.3926 1.8078 
Case A including pure fluid densities 
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Figure 19a. Saturated Liquid Density Predictions for 
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In general, all the cases evaluated using the SVRC method 
show similar error distribution. More significantly. the 




COMPARISON OF DENSITY PREDICTION MODELS 
As shown in the previous chapter, in general, the PR 
EOS gives better results when compared with the other two 
cubic equations of state (RK and SRK). Therefore, the PR EOS 
was used to evaluate the volume translation models studied, 
and only the PR EOS is used in the comparison to follow for 
the density prediction models. 
Table XX presents a summary of the results for the 
density models considered in this study. To assess the 
abilities of the proposed models for phase density 
predictions, two equally important aspects of model 
development are considered. First. the models' abilities to 
precisely represent the existing experimental data through 
regressed model parameters as represented by model 
evaluation cases. Second. the predictive capability of the 
generalized-parameter models. 
As reported in Table XX and illustrated by Figure 20, 
the scaled-volume translation gives significantly better 
results than those obtained for the PR EOS fitted with two 
interaction parameters. While, in general, comparable 
predictions are obtained from Peneloux's volume translation, 




SUMMARY OF RESULTS FOR MODEL EVALUATION 




------------------ Model Evaluation ----------------------
2 PR, regressed Cij 3.39 3.16 
3 PR, regressed Cij and D1 j 1.37 2.24 
5a PR with Peneloux VT 4.79 6.20 
5b PR with Peneloux VT 1.67 2.54 
7a PR with Scaled-VT 4.96 4.71 
7b PR with Scaled-VT 0.66 2.71 
Sa PR with Scaled-VT 5.31 6.66 
8b PR with Scaled-VT 2.08 5.71 
lOa SVRC, including pure 0.42 0.81 
fluid densities 
lOb SVRC, exluding pure 0.18 0.38 
fluid densities 
12a SVRC, mixing rules 3.13 2.43 
regressed m 
12b SVRC, mixing rules 1.44 1.07 
regressed A and m 










PR, Cij • 0, Dij = 0 
PR with Peneloux VT 
PR with Scaled-VT 
SVRC, including pure 
fluid densities 
SVRC, exluding pure 
fluid densities 
SVRC, mixing rules 
SVRC, mixing rules 
SVRC, mixing rules 
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Figure 20a. Saturated Liquid Density Predictions 
for C02 + Benzene at 344.3 K: 
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Figure 20b. Saturated Vapor Density Predictions 
for C02 + Benzene at 344.3 K: 
Model Evaluation Cases 
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predictions favors the scaled-volume translations. 
EOS methods aside, the available comparisons reveal 
excellent correlation capabilities for the SVRC model, as 
indicated by Cases 10 (AAD within 0.5 %) and 12 of Table XX. 
Similarly Figure 20 documents that both the overall quality 
of the fit and the error distribution for the SVRC model are 
superior to those obtained for the EOS methods. 
For the systems considered in this study, the quality 
of the density predictions for the liquid phase is 
consistently better than that obtained for the vapor phase. 
Moreover, separate treatment of liquid and vapor in both the 
translation models and the SVRC model gives better results 
than regressing the model parameters simultaneously using 
liquid and vapor density data. 
Figure 21 addresses comparisons of the generalized-
parameter predictions, as exemplified by C02 + Benzene 
binary. For liquid densities, deviations from the various 
models reveal similar trends to those observed in model 
evaluation using regressed parameters. As expected, 
the original PR EOS gives poor near-critical density 
predictions (up to 25% AAD). While Peneloux's volume 
translation improves predictions far from the critical, 
little improvements are realized by this method near the 
critical point. 
In comparison, the scaled-volume translation succeeds 
in improving the quality of the near-critical region, but 










0 0 0 
0 ~ 0 0 [] [] 
o.oo I ~ & 3 ~ 
-10.00 
-20.00 1 I I I I I I I I I I ' I I I I I I I ' I I I I I I ' I ' I I I I I I I ' ' I I I I I I I ' I I I I I 0.50 0.60 
ooooo Original PR 
* * • • • Peneloux 
0.70 0.80 0.90 
REDUCED PRESSURE 
cocoa This work : Case 9 
t::.Al1t::.l1 This work : case 11 
¢¢¢¢0 This work : Case 14 
Figure 21a. Saturated Liquid Density Predictions 
for C02 + Benzene at 344.3 K: 






20.00 z 0 0 
~ 1>. 0 oo -u 0 ~ g g s ¢ "' "' ~"'"-~ o.oo ! ! • • • :••t:a~ 
• 
-20.00 
-40.00 l I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I ' I I I I I I I I 
0.50 0.60 
ooooo Original PR 
* * • • • Peneloux 
0.70 0.80 0.90 
REDUCED PRESSURE 
a~>.~>.~>.~>. This work : Case 9 
ooooo This work : case 11 
*****This work : case 14 
Figure 2lb. Saturated Vapor Density Predictions 
for C02 + Benzene at 344.3 K: 




results indicate a deficiency in the proposed parameter 
generalizations, and the need for further development to 
realize the full potential of this translation procedure. 
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Good results are realized using the generalized SVRC 
model. Overall deviations of 2% AAD for the liquid density 
predictions (Case 11), including predictions near ·the 
critical point. support this assessment. As indicated by the 
results of Case 14, the proposed mixing rules do not enhance 
the vapor density predictions. i.e .• accounting for the 
effects of composition in the generalized parameters is 
inconsequential. 
For vapor densities. the proposed generalized 
predictions produce minor improvement over the original PR 
EOS (Case 1). Perhaps, the only exception to this trend is 
the better SVRC predictions. including the near critical 
region as shown in Figure 21. This assessment confirms the 
conclusion reached earlier that a better strategy for 
parameter generalization is required. 
Clearly. while the generalized predictions exhibit 
marked deterioration in the quality of the density 
predictions, they represent the rationale vehicle for an a 
priori predictive capability. 
In summary. the proposed models compare favorably with 
existing literature correlations with the added advantages 
of (a) covering the full saturation range up to the critical 
point of the mixture and (b) the inherent simplicity. The 
model parameter generalizations demonstrate a potential for 
86 
a reasonably accurate predictive capability, especially for 
liquid densities. Additional work, however, is required to 
achieve this objective. 
CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 
The functional behavior of van der Waals type cubic 
equations of state have been evaluated. As part of this 
evaluation, the reduced form of the equation of state. F(Z). 
and its derivatives have been mapped for selected pure 
fluids and mixtures. The results. which have involved 
several test systems. suggest an effective strategy for the 
solution of cubic EOS. 
To improve EOS phase density predictions, a new volume 
translation method has been developed. While the new method 
compares favorably with Peneloux's volume translation 
procedure. it has the added advantage of accounting for 
scaling-law behavior near the critical point. Experimental 
phase density measurements for a number of C02/hydrocarbon 
binaries were employed in our evaluations. The quality of 
the density predictions. using regressed parameters. is 
reasonable as indicated by a 0.7 and 2.7% AAD fit for the 
liquid and vapor. respectively. In comparison. the 
generalized-parameter predictions using this method do not 
constitute a significant improvement over the existing 
procedures and will require further refinement. 
Parallel to our evaluations of EOS density predictions. 
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corresponding states methods have been considered. 
Specifically, the scaled-variable-reduced-coordinate 
approach was extended to the prediction of mixture phase 
densities. Utility of this approach is demonstrated by 
correlation of isothermal saturated liquid and vapor 
densities of C02 + hydrocarbon mixtures at pressures from 
the vapor pressure of the hydrocarbon solvent to the 
critical point of the mixture. This new correlation results 
in excellent representation of saturated liquid densities 
(0.42 % AAD) and saturated vapor densities (0.82 % AAD) of 
the mixtures. 
Generalized SVRC correlations provide adequate liquid 
and vapor density predictions (2 and 7 %AAD, respectively). 
The quality of these predictions, however, is enhanced by 
the flexibility offered by one system-specific parameter. 
Further, simplicity of the SVRC model combined with its 
clear advantage in covering the full saturation range in 
accordance with scaling-law behavior near the critical 
region, suggest an expanded investigation to realize the 
full potential of the model. 
Additional data for mixture phase densities, involving 
a variety of chemical species, are required for a thorough 
assessment of the proposed methods to improve density 
predictions. 
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PURE COMPONENT PHYSICAL PROPERTIES USED 
Name MW Tt • K Tc. K Pc . Bar w zc Source 
C02 44.01 216.58 304.21 73.8254 0.2251 0.2756 36 
n-Butane 319.26 134.86 425.16 37.9614 0.2004 0.2754 36 
n-Decane 344.26 243.5 617.55 20.9672 0.4885 0.2481 36 
n-Tetra- 344.26 267.0 692.95 15.7307 0.6442 0.2258 36 
de cane 
Benzene 344.26 278.68 562.16 48.9805 0.2120 0.2714 36 
c-Hexane 344.26 279.7 553.5 40.7002 0.2120 0.2724 36 
t-Decalin 344.26 * 681.5 29.4653 0.2860 0.2132 ** 
* not available. an estimate was used. 
** Gasem. K. A.M .. Private communication. Oklahoma State University. 




SOURCE AND RANGES OF SATURATED DENSITY DATA 
FOR THE MIXTURES 
Mixture T, K Pressure Liquid Densjty· Vapor Densitj' 
co2 + Range, Bar Range, Kg/m Range, Kg/m Source 
n-Butane 319.26 21.79 - 76. 26 563.4 - 406.0 50.1 - 406.0 42 
344.26 32.06- 81.22 520.1 - 373.5 69.1 - 373.5 
377.59 28.82 - 75.70 456.5 - 319.5 71.4- 319.5 
n-Decane 344.26 63.85 - 127.41 708.1 - 590.5 130.3 - 590.5 24 
377.59 103.42 - 164.85 676.0 - 553.5 205.1 - 553.5 
n-Tetra- 344.26 110.32 - 163.82 750.8 - 708.5 296.1 - 708.5 13 
de cane 
Benzene 344.26 68.95 - 109.56 815.0 - 533.0 156.0 - 533.0 43 
c-Hexane 344.26 68.74- 109.63 734.8 - 525.0 149.3 - 525.0 43 
t-Decalin 344.26 103.42 - 158.37 834.3 - 765.8 270.9 - 765.8 * 
42. Hsu, Jack J. C.; Nagarajan, N.; Robinson, Jr., R. L. Journal of 
Chemical Engineering Data 30:485; 1985. 
43. Nagarajan, N.; Robinson, Jr., R. L. Journal of Chemical 
Engineering Data 30:485; 1985. 
* Gasem, K. A. M. Private communication, Oklahoma State University, 
Stillwater, OK, 1991. \() \.1'1 
TABLE A.3 
SATURATION PROPERTIES OF PURE HYDROCARBONS 
Hydro- T, K Pressure, Liquid Vapor Source 
carbon Bar Density, Density, 
9 3 Kg/m Kg/m 
n-Butane 319.26 4.48 549.7 11.1 1,36 
344.26 8.34 515.2 20.7 
377.59 16.66 460.1 43.7 
n-Decane 344.26 0.07 688.7 0.6 24,36 
377.59 0.14 663.2 1.0 
n-Tetra- 344.26 0.07 724.3 3.4 36 
de cane 
Benzene 344.26 0.76 821.5 4.0 36 
c-Hexane 344.26 0.76 727.8 3.3 36 
t-Decalin 344.26 0.07 828.8 4.6 * 
* Gasem, K. A.M., Private communication, Oklahoma State 






This appendix presents the correlation parameters for 
the various cases considered. In all our model evaluations, 
the following objective function was employed: 
s = I: ~~~E-=-~£~1£ >2 
Peale 





























































































PENELOUX'S VOLUME TRANSLATION PARAMETERS 



























PENELOUX'S VOLUME TRANSLATION PARAMETERS 
at AND az REGRESSED SEPARATELY 
(CASE 5b) 
Mixture T. K 
C02 + Liquid Vapor 
at az at az 
n-Butane 319.26 0.362084 0.234275 0.266215 -0.18874 
344.26 0.086888 0.125744 0.223235 -0.11494 
377.59 0.080528 0.204327 0.198155 -0.06393 
n-Decane . 344.26 0.273552 0.271674 1.81010 0.26490 
377.59 0.566088 0.263372 0.994246 0.26179 
n-Tetra- 344.26 0.182235 0.296528 1.84333 0.26505 
de cane 
Benzene 344.26 10.1989 0.272136 0.217670 -0.02853 
c-Hexane 344.26 9.91893 0.272410 0.199653 -0.06834 
t-Decalin 344.26 0.192789 0.230347 3.02291 0.25316 
TABLE B.4 
SCALED-VOLUME TRANSLATION PARAMETERS 
At AND ~ REGRESSED SIMULTANEOUSLY 
(CASE 7a) 
Mixture T. K 
C02 + 
n-Butane 319.26 1.42506 0.691348 
344.26 1.23367 0.786342 
377.59 1.29379 0.772529 
n-Decane 344.26 1.03345 0.977117 
377.59 1. 01029 0.995004 
n-Tetra- 344.26 0.967254 1.04456 
de cane 
Benzene 344.26 0.912547 0.961514 
c-Hexane 344.26 0.967271 0.925745 




SCALED-VOLUME TRANSLATION PARAMETERS 
As AND Az REGRESSED SEPARATELY 
(CASE 7b) 
Mixture T, K 
C02 + Liquid Vapor 
As Az A~ Az 
n-Butane 319.26 1.09968 0.871935 1. 71517 0.586171 
344.26 1.10570 0 .. 881794 1.33410 0.721654 
377.59 1.19703 0.852493 1.36584 0.716951 
n-Decane 344.26 0.97488 0.992446 1.10580 0.958755 
377.59 1.04773 0.990162 0.977639 0.999124 
n-Tetra- 344.26 1.06350 1.00912 0.862806 1.09300 
de cane 
Benzene 344.26 0.994632 0.948988 0.820323 0.986490 
c-Hexane 344.26 1. 00482 0.941191 0.936149 0.913551 
t-Decalin 344.26 1.04761 0.968863 0.677259 1.20157 
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TABLE B.6 
SCALED-VOLUME TRANSLATION PARAMETERS 
1u REGRESSED SEPARATELY 




n-Butane 319.26 0.822335 0.900484 0.764259 
344.26 0.861240 0.917671 0.816233 
377.59 0.909486 0.963478 0.865728 
n-Decane 344.26 0.996273 0.963271 1.03433 
377.59 1.00053 1.02774 0.975987 
n-Tetra- 344.26 1.03942 1.07939 1.00079 
de cane 
Benzene 344.26 0.849205 0.904928 0.799828 
c-Hexane 344.26 0.847781 0.906101 0.801964 
t-Decalin 344.26 0.953062 0.993123 0.918655 
TABLE B.7 
SVRC PARAMETERS FOR LIQUTD 
DENSITY PREDICTIONS 
Mixture T. K Case lOa Case 12a 
C02 + m 
A 01 l:J.OI 
c 
n-Butane 319.26 0.026267 -3.25615 -15.2007 0.062500 
344.26 0.067437 -2.12181 -14.6838 0.180712 
377.59 0.435370 0.77178 -7.4440 0.222790 
n-Decane 344.26 0.026495 -0.20533 -49.3740 0.062500 
377.59 0.018398 -4.93761 -18.9649 0.075390 
n-Tetra- 344.26 0.001000 0.75115 -0.8579 0.062500 
de cane 
Benzene 344.26 0.23182 0.19349 -17.5439 0.197354 . 
c-Hexane 344.26 0.02802 -3.10072 -15.6389 0.172738 





SVRC PARAMETERS FOR LIQUID 
DENSITY PREDICTIONS 
Mixture T, K Case lOb Case 12b 
C02 + m 
A 01 AOI 
c 
n-Butane 319.26 0.001000 -15.2650 -19.5733 0.155428 
344.26 0.069781 0.00028 -3.56684 0.196818 
377.59 0.375540 -0.06962 -15.1311 0.231330 
n-Decane 344.26 0.001000 -17.0399 -28.7716 0.084479 
377.59 0.049022 4.31625 -47.0878 0.192956 
n-Tetra- 344.26 0.001000 0.02743 -19.4467 0.062500 
de cane 
Benzene 344.26 0.320030 0.00412 -9.15922 0.242570 
. 
c-Hexane 344.26 0.216594 0.00397 -17.3546 0.198799 





SVRC PARAMETERS FOR VAPOR 
DENSITY PREDICTIONS 
Mixture T, K Case lOa Case 12a 
C02 + m 
At Az 01 Aoc 
c 
n-Butane 319.26 2.02318 0.781285 1.01215 0.00311 0.482230 
344.26 3.10577 0.742682 0.80706 0.00142 0.490771 
377.59 3.03170 0.923471 0.84293 -0.01421 0.467343 
n-Decane 344.26 100.000 1.67133 0.37096 -0.41720 0.300971 
377.59 6.02836 1.23487 0.73311 0.00558 0.299926 
n-Tetra- 344.26 100.000 7.04806 0.61102 1.21592 0.257173 
de cane 
Benzene 344.26 2.08445 0.55941 1.47354 0.45818 0.439815 
c-Hexane 344.26 2.33096 0.37165 1.70828 1.33356 0.425453 





SVRC PARAMETERS FOR VAPOR 
DENSITY PREDICTIONS 
Mixture T, K Case lOb Case 12b 
C02 + m 
~ A2 a lia 
c 
n-Butane 319.26 2.24160 0.492084 1.68107 0.93668 0.513196 
344.26 7.06976 1.24805 0.01862 -0.34811 0.484681 
377.59 2.83805 1.00604 0.82369 0.12693 0.471044 
n-Decane 344.26 6.86321 1.28410 0.34999 -0.00399 0.309281 
377.59 5.23001 1.41423 0.32774 0.05951 0.279335 
n-Tetra- 344.26 1.37160 1.27609 2.98049 2.23821 0.197302 
de cane 
Benzene 344.26 2.25373 0.66949 1.31288 0.51754 0.518940 
c-Hexane 344.26 2.70774 0.69533 0.82182 0.11106 0.457936 







Evaluation of the mixture molar properties may be 
achieved through three different ways. One may use mixing 
rules which employ the pure molar properties at the mixture 
conditions, use the mixing rules within the EOS parameters, 
or use mixing rules applied to the critical properties, as 
·typically done when using CST methods. 
For an ideal solution, the molar volume of a mixture 
is often calculated by summing up the pure molar volumes at 
the same conditions: 
N 
v = E xi v1 
i 
(c. 1) 
However. this simple relation cannot be applied for real 
fluids. The partial property concept offers a formal 
definition for mixture property in terms of constituent 
contributions £141: 
N 
v = I: x. v. 
1 1 i 










Furthermore. the deviation function concept allows us to 
calculate mixture properties in terms of their deviation 
from a selected model, see, e.g .. [141: 
110 
(C.4) 
Applying Equation (C.4) for volume and by choosing an ideal 
solution as the selected model. we obtain 
AVm v v id = -
id N or v = AVm + v = AVm + E x.V. (C.5) 
i 1 1 
One may evaluate V or AVm using corresponding states 
method or EOS method. 
Corresponding States Theory 
The principle of corresponding states asserts that 
physical properties are dependent on intermolecular forces. 
This may be expressed as a function of compressibility 
factor as [271: 
z = z ( (c. 6) 
kT 
in which: 
c = energy parameter of molecular interaction 
o = molecular separation corresponding to the minimum 
potential energy of interaction 
k = Boltzmann's constant 
Further. it has been shown that Equation (C.6) may be 
expressed in terms of reduced temperature. reduced specific 




The saturated liquid and vapor densities can also be related 
to the temperature as: 
(C.8) 
When the liquid is pure, it is clear that & and o in 
Equation (C.6) are potential parameters for that pure 
liquid. These parameters can be determined from second 
virial coefficients, transport properties. critical data. 
etc. When the liquid is a mixture. however. & and o depend 
on the mole fraction in some manner about which 
corresponding states theory itself tells us little. 
Extension of the corresponding states theory to 
mixtures suggested a theory called one-fluid theory [27]. 
This theory is based on the fundamental idea that a mixture 
can be considered to be a hypothetical pure fluid whose 
characteristic molecular size and energy are those of the 
mixture components. In macroscopic terms. the effective 
critical properties (pseudicritical) of the mixture are 
composition averages of the component critical properties. 
These might be written in the following formulation [261: 
& = I& (Xl • £ 1' & 2) (C.9) m 
0' = f (xl. 01' 02) (C.lO) m 0' 
Tern = IT 
c 




for a binary system. 
The first practical application of this idea was made 
by Kay (1936) when he suggested to find the gas-phase 
compressibility factor of a mixture of hydrocarbons from a 
generalized compressibility factor diagram based on 
volumetric data for pure hydrocarbon gases. Kay used a 
particularly simple mixing rules for relating the reducing 
parameters for a mixture to the composition. More realistic 
mixing rules have been proposed by various authors 
[16,31.35]. 
In accordance with this one-fluid theory, Equation 
(C.8) can also be extended for the mixtures. A good example 
is given by the model developed by Rackett and modified by 
Spencer and Danner in 1972 [31). They proposed the following 
correlation to predict pure liquid density. 
(C.14) 
and for liquid mixtures: 
ZRA (1-T/Tcm )2/7 V = Vern m (C.15) 
Where ZRA is the Rackett compressibility factor. v is 
em 
obtained by blending pure-component critical volumes 
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(Kay's rule) and Tcm is obtained using the following mixing 
rules: 
where 
T = I: ~. Tc 1. em 1 
~- = 
l 




Another example is one proposed by Hankinson and 
Thomson in 1979 [16]: 





~ 4 X. X. V. 0 T .. 
t J t J 1. J Ct J 
~ -------------------v 0 
m 
0 0 1/4 { I: x.v. + 3( I: x.V. 
l 1 l 1 
0 0 T -I: x 1. V. T . I I: x. V. em 1 c1 1 1 

















I: x.V. wsRK· 1 1 1 
= -------------- (C.25) 0 x.V. 
1 1 
EOS Method 
Application of equations of state to mixtures is 
generally achieved by introduction of mixing rules in the 
EOS parameters. Appropriate mixing rules may be derived from 
the conformal solution theory (see. e.g .• Mansoori [19]). 




= f (f .. , h .. , x.) 
1J 1J 1 
= h (f .. , h .. , x.) 
1J 1J 1 
(C.26) 
(C.27) 
f and h are the molecular conformal volume parameter and 
the molecular conformal energy parameter. respectively. 
Functional forms of these mixing rules cannot be derived 
from any general theory but depend on particular assumptions 
which one chooses to make about the structure of the 
solution. Therefore different theories of mixtures will 
result in different mixing rules. 
Mansoori derived several of these functional forms from 
the Statistical Mechanical Theory using two different 
mixture theory approximations; one-fluid theory and 
multi-fluid theory. However several assumptions were still 
needed in order to simplify the mixing rules. As an example. 
by using Conformal Solution Approximation (CSA) for 
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one-fluid theory, one will obtain the following mixing rule: 
N N 
f h == EE x. x. f .. h .. 
i j 1 J 1J 1J 
(C.28) 
N N 
and h = EE x. x. h. 
i j 1 J 1j 
(C.29) 
Other functional forms derived from other theories of 
mixtures can be found in Mansoori's article [191. 
In the formulation of a mixture theory. the combining 
rules for unlike-interaction potential parameters are also 






(1-C . . ) ( f . . f . . ) 1 I 2 
lJ 11 JJ 
(l+D1.J.) [(h. _1/3 +h. _1/3)/2 13 
11 JJ 
In which Cij and Dij are adjustable parameters. 
(C.30) 
(C.31) 
In order to apply the conformal solution mixing rules 
for cubic equation of state, we should notice that parameter 
b of cubic EOS is proportional to molecular volume, or 
b a h. and parameter a is proportional to molecular volume 
times molecular energy. or a a f h . Therefore Equations 






x. x. a .. 
1 J 1J 
b=EEx- x.b .. 




a .. - (1-C .. ) b .. (a .. a .. /b .. }) .. ")1/2 (C.34) l] 1J 1] 11 JJ 11 JJ" 
and 
b .. - (1+0 .. ) [(b .. l/3+ b. _1/3)/2]3 (C.35) 1] 1] 11 JJ 
If we adopt a geometric-mean combination rules [ 35] : 
a .. = (a .. a .. ) 1/2 (C.36) 
1] 11 JJ 
and 
b .. = (b .. b .. ) 1/2 (C.37) 
1] 11 JJ 
Equation (C.32) and (C.33) become: 




b = (I: xi b. 1/2) 2 1 (C.39) 
The power 1/2 in the combination rules can be replaced 
by constants 1/m for Equation (C.36) and 1/n for Equation 
(C.37). When we do so. the following mixing rules are 
suggested: 




b = (L (Xi b.)l/n)n 1 (C.40) 
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